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Abstract. New measurements of the masses and decay branching fractions of charmonium and bottomonium states using the 
data collected by the CLEO detector are presented. These include CLEO identification of the singlet states 7/^(25), hdlP), 
and r]i,(lS). Comparison with other experimental measurements and theoretical models is also presented. 
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INTRODUCTION 

The QCD interaction can be studied in light quark (u,d,s) hadrons as well as heavy quark (c,b) hadrons. In contrast 
to light quarks, heavy quark states are narrow and do not mix with the states of other quarks. This is illustrated in 
Fig. l(left) for charmonium. Also, the effective coupling constant and relativistic problems are far more tractable. 
Thus, the spectra of charmonium and bottomonium are easier to characterize and study. 

CLEO DATA FOR CHARMONIUM AND BOTTOMONIUM SPECTROSCOPY 

The world's largest pre-BESIII sample of 26 million iff(2S) comes from CLEO. These iff(2S) data have been used 
to study the spectroscopy of XcjCPj) and hcCP\). Using nn tag in the decay iff(2S) — > tt''' 7t~ J / 1// {B=35%), the 
spectroscopy of J/tfr is also studied. 

CLEO collected a sample of 21 million T(15'), 9 million T(25'), and 6 million T(35). Besides bottomonium 
spectroscopy, the T data are used for charmonium spectroscopy using two-photon fusion reactions. 

My talk contains two parts: (a) CLEO measurements of the masses of charmonium and bottomonium singlet states 
ri[.{2S), hc(lP), and j]h(lS), and their implications for the qq hyperfine interaction; (b) CLEO measurements for the 
decay branching fractions of charmonium and bottomonium states. 

THE qq HYPERFINE INTERACTION 

In the quark model the hyperfine spin-spin interaction determines the ground-state masses of the hadrons. The mass 
of a pseudoscalar or vector qq meson is 



M(qiq2)^mi(qi) + m2(q2)+A 
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The s\ ■ S2 spin-spin, or liyperfine interaction gives rise to the hyperfine, or spin-singlet/spin-triplet splitting in 
quarkonium spectrum, 

AMhfinL) = M(n^Lj)-M(n^Lj=L). 

The hyperfine interaction is not well understood because until recently there were not enough experimental data to 
provide the required constraints for the theory. For thirty years after the discovery of J/t//, the only hyperfine splitting 
measured in a hidden flavor meson was AM/,/(lS)tf = M(J/iJ/} — Mir/c) = 116.4 ± 1.2 MeV [1]. No other singlet 
states, J7^(2^5o)fe, hc{l^Pi)cc, or J76(1^5o)t5 were identified, and none of the important questions about the hyperfine 
interaction could be answered. Tliis has clianged in tlie last few years. 
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FIGURE 1. (left) Spectra of the states of Charmonium. (right) Schematic of the QCD qq potential (solid line), and its Coulombic 
and confinement parts (dotted lines). The vertical lines show the approximate location of the |cc) charmonium and bottomonium 
bound states. 
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FIGURE 2. The invariant mass M(Ks Kn) spectra from two-photon fusion measurements by CLEO (left) and BaBar (right). The 
qci^S ) peak is prominent in both spectra. 



r}'^(2S ), Hyperfine Splitting in a Radial Excitation 

In 2002, Belle claimed identification of ri[. in the decay of 45 million B mesons, B K(KsKji) and reported 
M{ri[) - 3654 + 10 MeV, which would correspond to AM/,/(25 ) = 32 + 10 MeV [2], a factor two smaller than expected 
and a factor four smaller than AM/,/(15). It became important to confirm this result. 

There are two important ways 2S states differ from IS states. 15 states, with r ^ 0.4 f, lie in the Coulombic region 
(~ 1/r) of the qq potential, V = A/r + Br, whereas the 2S states, with r x 0.8 f, lie in the confinement part (~ r) of the 
potential (see Fig. 1, right). The spin-spin potential in the two regions could be different. The second difference is that 
the 2S states, particularly iJ/{2S ), lie close to the DD breakup threshold at 3730 MeV, and can be expected to mix with 
the continuum as well as higher 1 states. All in all, it is important to nail down ri[. experimentally, and measure its 
mass accurately. 

This was successfully done by CLEO [3] and BaBar [4] in 2004 by observing ?][. in two-photon fusion, yy r][. — > 
KsKti. The two observations are shown in Fig. 2. The average of all measurements is M(ri[) - 3637 + 4 MeV [1], 
which leads to AM/,/(2S) = 49±4 MeV, which is almost a factor 2.5 smaller than AM/,/(15). Explaining this large 
difference is a challenge to the theory. The challenge for the experimentalists lies in completing the spectroscopy of 
7/^., now that its mass is known. In particular, it is important to measure its width. 
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FIGURE 3. Comparing allowed El transitions from to;fc/(^^/) states of charmonium with the isospin forbidden tP 

transition to the singlet P-state hcC'Pi). 



hci\ P\), Hyperfine Interaction in P-wave 

In this case, we have a very simple, and provocative theoretical expectation, namely 

AMhfilP) = M^P) - mCP) = 0. (1) 

This arises from the fact that a non-relativistic reduction of the Bethe-Salpeter equation makes the hyperfine interaction 
a contact interaction. Since only S-wave states have finite wave function at the origin, 

AMhfiL ^ 0) = 0. (2) 

We can test this prediction in charmonium by 

• identifying the singlet-P state hdl^Pi), and 

• by estimating M(^P), given the masses of the triplet-P states ;^'o, 1,2 (^^'o,i,2)- 

The experimental identification of hdl^Pi) is even more difficult than that of rj'^. The centroid of the ^Pj states is 
at 3525.30 ± 0.04 MeV [1]. If Eq. 1 is true, Mihc) « 3525 MeV, i.e., ~ 160 MeV below the t/zilS ) state from which it 
must be fed. Unfortunately, populating he has several problems. 

• The radiative transition 4r(2S)(l ) — > y/zcCl"""") is forbidden by charge conjugation invariance. 

• The only other alternative is to populate he in the reaction ^(25) n^he. But that is not easy, because a 
transition {M{n^) = 139 MeV) has very little phase space, and further, the reaction is forbidden by isospin 
conservation. Nevertheless, this is the only possible way of populating he, and we at CLEO had to valiantly go 
for it. An illustration of the allowed El transitions from i//(2S)i^S i) to XcA^Pj) states and the isospin forbidden 
Tfi transition to the singlet P-state hcCPi) is shown in Fig. 3. 

In 2005, we at CLEO made the first firm identification (significance> 6<t) of he in the reaction 

iffi2S)^n%, he^yije, 

in an analysis of 3.08 milUon i//(2S) decays [5]. 

In 2008, we repeated our measurement with 8 times larger luminosity, and 24.5 million ^(2S) |6|. As before, data 
were analyzed in two ways. In the inclusive analysis, the photon energy, Ey, was loosely constrained, but the decay 
products of r]c were not identified. In the exclusive analysis, instead of constraining Ey fifteen hadronic decay channels 
of rjc were measured. As shown in Fig. 4, he was observed with significance > 13cr. The total number of events was 
Nihe) = 1 146 ±118 from inclusive analysis, and Nihe) = 136+14 from exclusive analysis. The results from inclusive 
and exclusive analyses were consistent. The precision results were 

M(/zc) = 3525.28±0.19±0.12MeV, (3) 
Si X S2 = (4.19 ± 0.32 ± 0.45) x 10"^ 

Thus, hei^Pi) is now firmly estabUsIied. 

If it is assumed that M(^P) is identical to the centroid of the triplet-P states, (^M(^Pj)^ = [5M(xe2) + 3M(xei) + 
M(Xco)]/9 = 3525 .30 ± 0.04 MeV, then the above Mihe) leads to the hyperfine spUtting, 



AMhfilP)ee = {M{^Pj))-MCPi) = 0.02 ±0.23 MeV, 



(4) 
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FIGURE 4. The recoil mass of n in tlie decay if/{2S) — » n he. (left) Full and background subtracted spectra for inclusive analysis, 
(right) Spectrum of exclusive analysis. 



but,(M(3py))^j2^M(3p)! 

The centroid (^M(^Pj)^ is a good measure of M(^P) only if the spin-orbit splitting between the states 2, "'^'i, and 

is perturbatively small. It is obviously not so. The splitting, P2) - Pq) = 142 MeV, is not small. Further, 
the perturbative prediction is that 

M(^Pi)-M(^Pq) = ^[mCP2)-MCPi)] = 114 MeV, (5) 

while the experimental value is 

M(-Vi)-M(Vo) = 96 + lMeV. (6) 

This is a 18 MeV difference! So we are obviously not in the perturbative regime. 
This leads to serious questions. 

• What mysterious cancellations are responsible for the wrong estimate of M(^P) giving the expected answer that 

AMhf(lP) = 0. 

• Or, is it possible that the expectation is wrong? Is it possible that the hyperfine interaction is not entirely a contact 
interaction? 

• Potential model calculations are not of much help because they smear the potential at the origin in order to be 
able to do a Schrodinger equation calculation. 

• Can Lattice help? So far we have no lattice predictions with sufficient precision. 



r]t,{ So), Hyperfine Interaction Between Z?-Quarks 

The bb bottomonium system is, in principle, the best one to study the fundamental aspects of the hyperfine 
interaction between quarks. Unfortunately, until last year we had no knowledge of the hyperfine interaction between 
/7-quarks. The spin-triplet T(1^5'i) state of bottomonium was discovered in 1977, but its partner, the spin-singlet 
rjhil^So) ground state of bottomonium, was not identified for thirty years, mainly because of the difficulty in observing 
weak Ml radiative transitions. There were many pQCD based theoretical predictions which varied all over the map, 
with AMhf(lS)b = 35 - 100 MeV, and S(T(35) ^ yr]b) = (0.05-25) x lO'^. 

This has changed now. The rih(l^So) ground state of the \blyj Upsilon family lias been finally identified! 

In July 2008, BaBar announced the identification of 77^ [7]. They analyzed the inclusive photon spectrum of 



r(3S) ^ y?]b{lS) 



(7) 
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FIGURE 5. Illustrating CLEO results for the identification of % in ajoint fit of data in three bins of the thrust angle, I: IcosS^I : 
0-0.3,11: Icos^T-N 0.3-0.7, III: |cos0r| = 0.7 - 1.0. 



in their data for 120 million T(3S ) (28 fb"^ e^e~). BaBar's success owed to their very large data set and a clever way 
of reducing the continuum background, a cut on the so-called thrust angle, the angle between the signal photon and 
the thrust vector of the rest of the event, \ cos6Thriist\ < 0.7. BaBar's results were: 



Mijjb) = 9388.9!2i + 2.7 MeV 



AM,,f{lS)b 
S(T(35)^r^fc) = (4.8 



2.3 - 

71.4!|;^+2.7MeV, 



(8) 



: 0.5 +0.6) X 10" 



The significance of rjh observation was >10cr. Recently, BaBar has also reported a 3. Oct identification of rjh in 
r{2S)^y7]b [7]. 

Any important discovery requires confirmation by an independent experiment. At CLEO we had data for only 
5.9 million Y(35), i.e., about 20 times less than BaBar. But we have better photon energy resolution, and we have 
been able to improve on BaBar's analysis technique. We make three improvements. We make very detailed analysis of 
the large continuum background under the resonance photon peaks. We determine photon peak shapes by analyzing 
background from peaks in background-free radiative Bhabhas and in exclusive decays. And we make ajoint fit of 
the full data in three bins of |cos0r|, covering the full range \cos6t\ = 0-1.0 (see Fig. 5). Monte-Carlo simulations 
show that the joint fit procedure leads to an average increase of the significance of an 77/, signal by ~ 20% over 
accepting only events with \cos6Thrust\ < 0.7. So, despite our poorer statistics, we have succeeded in confirming 
BaBar's discovery with significance level ~4cr. The results have been submitted for publication [8]. 

Our results are: 

M(776) = 9391.8 + 6.6 + 2.0MeV, (9) 
AMhf(lS)b = 68.5+6.6 + 2.0 MeV, 
S(r(3S) yrib) = (7.1 + 1.8 + 1.3) x lO""*. 
The results agree with those of BaBar. The average of our and BaBar's results for the hyperfine splitting is 

(AM/,/(15)fe)sM(T(15))-M(776) = 69.4 + 2.8 MeV. 

A recent unquenched lattice calculation predicts (NRQCD with u,d,s sea quarks) AM/,/(15')f, = 61 + 14 MeV. A 
quenched lattice calculation (chiral symmetry and s,c sea quarks) predicts AMi,f{lS)b = 70 + 5 MeV. Thus, as far as 
the hyperfine splitting for the \bb^ is concerned, lattice calculations appear to be on the right track [9]. 



For more details on ijb analysis by CLEO see the talk by S. Dobbs in the parallel session 7C [lOJ. 



Hyperfine Splittings Measurements 

To summarize, we now have well-measured experimental results for several hyperfine spUttings, with significant 
contributions from CLEO measurements. 

|cc) Charmonium: AM/,/( 1 5 ) = 1 1 6.4 ± 1 .2 MeV, 
AMft/(25) = 49±4MeV, 
AMhfilP) = 0.02 ± 0.23 MeV, 

\bb) Bottomonium: AMhf{lS) = 69.4 ± 2.8 MeV. 

In charmonium, we do not have satisfactory understanding of the variation of hyperfine splitting for the S-wave 
radial states, and for P-wave state. 

• For charmonium, we do not have any unquenched lattice predictions, at present. 

• For bottomonium, lattice predictions are available, and they appear to be on the right track. 

• For neither charmonium nor bottomonium there are any reUable predictions of transitions strength, particularly 

for forbidden Ml transitions. 

Much remains to be done. On the experimental front it is very important to identify for bottomonium the allowed 
Ml transition, T(15) -> yTjbilS), and to identify the bottomonium singlet P-state, hb(^Pi). On the theoretical front 
one would like to see unquenched lattice calculations for charmonium singlets, and, of course, for transition strengths. 



MEASUREMENTS OF THE DECAY BRANCHING FRACTIONS OF CHARMONIUM 

AND BOTTOMONIUM STATES 

Search for Exclusive Decays of t]'^(2S) 

Recently, CLEO has performed a search for the decay ifi(2S ) — > yri'^{2S ) in a sample of 26 milUon ip{2S ) events [11]. 
Expected Ey - 48 MeV. Eleven exclusive decay modes, rj'^ilS ) — > hadrons, (tt, K, rj, rj') with up to 6 particles (charged 
and neutrals) were reconstructed, but no signals of 77^(25) were observed in any of the decay modes, or in their sum. 

The product branching fraction upper Umits were determined for the individual modes, and they are at the level of 
(4-15)xl0~^. These upper limits are an order of magnitude smaller than expected by assuming that the partial widths 
for 77^(25 ) decays are the same as for rjdiS). 

Thus, so far KsKn is the only decay mode in which r][.{2S) has been identified. 



Evidence for Exclusive Decay of hdlP) to Multipions 

Now that he has been discovered, CLEO has searched for hadronic decays of he in multipion channels [12]. 
Of the three decays investigated, only one, the five pion decay he — > 2(n'^n~)n^, is found to have a statistically 
significance signal, with B(i(f(2S) he) X B{hc 2(n^7T-)7:°) = (1.9!^-^) X lO'^ (see Table I). This is ~ 5% of 
fi(iA(25) ^ he) X Bihe 7T]e) = (4.19 ± 0.32 + 0.45) x 10"^. 



Observation of J/i// 3y 

No 3y decay of a meson has been observed before. In the lowest order, 3j decay is a QED process, and the predicted 
ratio S{J/iff -> 3y)/S{J/ifr -> e"^e~) = 5.3 X 10""*, which is independent of charm quark mass and wave function, leads 
to S(J/^ 3y) = 3.2 X 10"^. QCD radiative corrections, which are not reUably known, may modify the prediction. 



TABLE 1. Results for exclusive decays of hdlP) to multipions. 



Mode 


Efficiency (%) 


Yield 
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FIGURE 6. Observation of J I if/ —> 3j. Background subtracted data and signal Monte-Carlo distributions for variable ;^^^/rfo/ of 



kinemattic fit. The signal and background normalization ragions are shown by full horizontal, x Idof - 
5 - 20(background) lines. 



0-3(signal),;r^/rfo/: 



To search for 3y decay of Jjip, CLEO has used a QED background free sample of 9.6 million J lip obtained by 
n^n~ tagging in the decay tfr{2S) (7T^7T~)J/t(r [13]. Kinematting fitting of the data leads to the result, S{J/iJ/ — » 
3/) = (1.2 ± 0.3 ± 0.2) X 10"^ (Significance ~ 6(t). Fig. 6 shows background subtracted data and signal Monte-Carlo 
distributions. 



Precision Measurements of Branching Fractions 

Using the data set of 26 million i^(25), CLEO has made precision measurements of decays of ^(2S), J/^(1S}, and 
Xcji^P) [14]. Among the decays measured are: 
il/{2S),J/il/ ^ yh (h ^ 7T°,T],T]') 
il/{2S),Jlj/^ygg 

Xcj — » - A, Z, S) (6 decay modes) 

Xcj h^h-,h'^h'^, h^h-h°h° {It' = n^,K^,h^ = 7t°,t],7]' ,K^) (12 decay modes) 
XcJ -^yy,yV{V^ p, oj, cp) 

Many of these decays have been measured for the first time, and others have greater precision than the results in the 
literature. Some of the interesting theoretical problems that the branching fractions pose are: 

• The ratio !B(^(nS) —> yi]} / S(^(nS) —> yij') is expected to be ~equal for IS and 2S states; CLEO measured an 
order of magnitude difference between the two, (21.1+0.9)% for IS, and <1.8% for 2S. 

• The measured rates S{Xc\ — » yp) and S{Xc\ —* 7<w) are significantly higher than those predicted by pQCD. 

• The ratio SiXca — * yy)/S(Xc2 —* yy) disagrees with pQCD expectations. This result provides experimental 
confirmation of the inadequacy of the present first order radiative corrections. 



Hadronic Decays of Xbji^P,'2P), and Inclusive ;^f/,y(l/',2/') Decays to Open Charm 

No hadronic decays of xbji^P) have been measured before. For xbji2P) the only hadronic decays measured so far 
were XbA2P) -> nnxbjC^P) andxbA2P)hi,2 ^ wT(15). 



At CLEO we have made the first measurements of 14 different decays of xbj(JP,2P) to light hadrons [15]. Up to 12 
particles were detected. The branching fractions for the corresponding decays of Xh\,2{^P) ^^nd Xhi,2(2P) were found 
to be nearly equal. The ratios between decays to n charged pions and (n - 2) charged +2 neutral pions were found to 
approximately follow the expectations based on combinatorics. 

CLEO also measured the inclusive decays of Xhj(nP) — > +X [16]. The enhanced rates for Xbii^P<^P) ~^ +^ 
were found to be consistent with NRQCD predictions. 

SUIVIIVIARY 

CLEO data at i(f(2S ) and T(1S ,2S ,3S) resonances were analyzed. The prominent results are the following. 

• Observation of J7c(2S) in yy fusion, and its mass measurement. Search for rj'd^S) in exclusive decays, and upper 
limit measurements for decay branching fractions. 

• Observation of hc{\P) in ilr{2S) — > n^hc, and precision measurement of its mass. Evidence of he decay in multi- 
pion exclusive final state. 

• Confirmation of //^(IS) observation, and measurement of mass of 77/, and decay branching fraction S(T(35) — > 

• Observation of decay J/i^ -*3y (first observation of meson decay in 3y). 

• Precision measurements of decay branching fractions of (^(25), J/t/f(lS), and Xcj(i^P) charmonium states, and 
XbjiiP,'2'P) bottomonium states. Many of these decays have been measured for the first time, and others have 
much greater precision than the results in the literature. 

There is a rich program of hadronic physics at CLEO; too extensive to cover it aU in one talk. There are also quite a 
few analyses in a preliminary stage. Expect new results in the coming years. 
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